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Abstract—Microfluidics is an emerging technology that is
expected to revolutionize biochemical experiments and reduce
the need for unwieldy laboratory equipment. Motivated by that,
the design automation community has spent considerable efforts
and proposed numerous methods on automating the design
process for corresponding microfluidic devices. For many of them,
however, it often remains unclear whether the (automatically)
generated design indeed works as intended and/or satisfies its
purpose. Simulations, e.g., based on Computational Fluid Dynam-
ics (CFD) can help here as they allow for studying the behavior
of microfluidic devices without the need for actual fabrication.
However, the setup and configuration of CFD simulations is time-
consuming and requires extensive expertise—some of the reasons
why it is hardly utilized in the design automation community yet.
In this work, we propose a workflow that improves upon this state
of the art by automating intermediate steps and highlighting
the parameters that are relevant to the specific use case. We
demonstrate the feasibility of the proposed workflow for fluid
mixing in channel-based microfluidics.

Index Terms—Microfluidics, Simulation, Computational Fluid
Dynamics, OpenFOAM

I. INTRODUCTION

Microfluidics is an emerging technology that deals with
the manipulation of fluids at micro- to picoliter-scales [1].
By carrying out analytic operations on a single chip, mi-
crofluidic devices are able to replace bulky and expensive
laboratory equipment. Therefore, such devices are known as
Labs-on-a-Chip (LoCs), which enable users to conduct a wide
variety of biochemical experiments and have found widespread
usage in medicine, biology, and chemistry [2]–[4]. Due to
their tiny feature size and capacity to process small amounts
of reagents, microfluidic devices are attractive candidates for
point-of-care tests and other comparable diagnostics [5].

With the increasing complexity of LoCs, the design of
corresponding microfluidic devices or components has evolved
into a rather challenging task. Motivated by that, researchers
and engineers from the design automation community put
considerable efforts into the development of methods aimed
at automating this design process. Over time, this resulted in
numerous design tools for the various microfluidic platforms
(see, e.g., [6]–[15]). Unfortunately, the resulting tools have
often not been tested in practice, and for many of them, it
remains unclear whether the (automatically) generated design
indeed works as intended and/or satisfies its purpose. While
fabricating prototypes and conducting actual experiments on
the resulting device is certainly one way to verify the feasibil-

ity of a generated design, actual fabrication is costly and comes
with the downside of time-consuming iteration cycles [16].

Fortunately, simulations, e.g., based on Computational Fluid
Dynamics (CFD, [17]), provide a viable alternative. CFD sim-
ulation software such as OpenFOAM [18] or COMSOL [19]
is capable of carrying out numerical calculations in order to
predict the behavior of fluids by employing certain physical
simulation models. Such simulations take a variety of param-
eters into account (e.g., the geometric shape of the considered
device or the physical properties of the fluids involved) and,
hence, often allow for a good assessment, or at least close a
approximation, of whether the considered use case does what
it is supposed to do.

However, most of this work focuses on applications such as
aerospace engineering [20], heat exchangers [21], or coating
processes [22]. While some related work on CFD simulation
for microfluidics exists [23], it often focuses on isolated
parts of microfluidic devices (e.g., T-junctions [24] or droplet
traps [25]) or certain locally restricted behaviors of fluids on a
microscale level (e.g., the flow regime in channel bends [26]).
As of now, there is no systematic workflow for the setup
and configuration of CFD simulations which would allow for
validating the design of microfluidic devices—certainly some
of the reasons why the potential of those simulations has been
hardly utilized in the design automation community thus far.

The main reasons for the absence of such a workflow mostly
stem from the following three issues:

1) Broad Expertise Needed: The CFD simulation setup is
comprehensive and requires expertise in CFD and ex-
perience with certain software frameworks—effectively
creating high entry barriers.

2) No Generic Solution: There is no established one-for-all
approach to CFD in microfluidics that readily supports
and can be applied to many use cases of the domain.

3) Tedious Tool Access: Many CFD frameworks are com-
mercial and/or feature their own interfaces that do not
interconnect very well.

In this work, we propose a workflow that facilitates the
use of CFD in microfluidics by targeting these issues. The
goal is to provide an easy setup for prototypical microfluidic
use cases and, therefore, remove the high entry barriers of
CFD simulations—also allowing direct input from high-level
design automation solutions to these simulations [6]–[15]. This
is achieved by automating repetitive tasks and restricting the
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configurations to the necessary parameters that are relevant to
a particular use case. To this end, intuitive Graphical User
Interfaces (GUIs) are provided which support the end-user in
specifying the geometric shape of the microfluidic device as
well as defining the physical properties and other important
parameters.

In order to demonstrate the feasibility of the proposed
workflow, we considered the simulation of a channel-based
microfluidic device for fluid mixing as a proof of concept.
More precisely, we set up a CFD simulation for a so-called
gradient generator [27]–[29] that is able to generate different
mixing ratios of fluids.

The remainder of this work is structured as follows: Sec-
tion II describes the process of setting up CFD simulations
for microfluidics. Then, Section III identifies the shortcomings
of the state-of-the-art approach. In Section IV, the proposed
workflow is described in detail. Afterwards, Section V shows
the results that can be obtained with this workflow, discusses
its advantages, and outlines how it can be generalized to other
use cases. Finally, the paper is concluded in Section VI.

II. SETTING UP
CFD SIMULATIONS FOR MICROFLUIDICS

In this section, we describe the process of setting up a
CFD simulation for microfluidic devices. First, we elaborate
on mesh generation (using the SALOME platform [30], which
provides various meshing algorithms). Afterwards, we give
an overview of the simulation setup itself (using the tool
OpenFOAM [18], which is an open-source CFD simulation
software). As a representative case for a microfluidic device,
we consider a so-called gradient generator [27]–[29], i.e., a
device that generates specific mixing ratios of fluids. More
precisely, we describe the setup for simulating the design
of a gradient generator with two inlets and three outlets
as sketched in Fig. 1. This is a design which could have
been (automatically) generated by a corresponding design
automation tool (such as [14]), but for which no automatic
support for simulation exists yet.

A. Mesh Generation

The first step of every simulation setup is the generation of
a suitable mesh of the considered microfluidic design that can
be used for physical simulation. The corresponding process
usually involves the following five major steps:
1) Two-dimensional Device Design: The first task is the
specification of the geometric shape of the microfluidic device
in two dimensions. Using, e.g., SALOME’s GUI, this can
be done by graphically specifying vertices and line segment
connections. Care must be taken to produce a valid design that
features no holes and fully specifies the shape.
Example II.1. Fig. 1a shows a picture of the two-dimensional
design of the gradient generator with two inlets and three
outlets.
2) Transformation to Three Dimensions: The two-dimensional
sketch of the device needs to be converted to a
three-dimensional object. Since we assume upright walls, the
two-dimensional shape can be simply extruded, i.e., this is a
straightforward task.
Example II.2. The extruded, three-dimensional gradient gen-
erator is depicted in Fig. 1b.

inlet1

outlet1 outlet2 outlet3

inlet2

(a) 2D shape (b) 3D object

inlet patches

outlet patches

(c) Mesh with inlet/outlet patches

Fig. 1: Setting up a simulation for a gradient generator

3) Mesh Generation: The geometric domain then needs to
be partitioned into smaller cells that can be used efficiently
for CFD simulations. There are a variety of mesh topologies,
including hexahedral and tetrahedral meshes, which have
six and four vertices in each cell, respectively. Tetrahedral
meshes offer several advantages over other mesh types and
are thus frequently employed in CFD simulations [31]—
leading to a tetrahedral mesh. To this end, an appropriate
meshing algorithm must be selected and configured. SALOME
aggregates a variety of meshing algorithms (most of which are
commercial) for various applications. Another critical factor
is mesh quality. The meshing algorithm’s parameters must
be adjusted appropriately (by so-called hypotheses) in order
to produce an adequate mesh with well-formed tetrahedrons.
Typical hypotheses include a specified maximum cell volume
or a certain local length (maximum edge length of cells) [32],
[33].
Example II.3. To generate the mesh for the given geometry,
we use the NETGEN [32] algorithm in this example. For
hypotheses, we used a local length criterion of 50 µm. The
resulting mesh is shown in Fig. 1c.
4) Inlet/Outlet Identification: With the geometry of the con-
sidered device complete, next, the parts of the boundary have
to be identified which constitute inlets or outlets of the device.
These parts are called patches.
Example II.4. Recall that, in the considered example, we have
two inlets (inlet1, inlet2) and three outlets (outlet1, outlet2,
outlet3). Therefore, we uniquely identify the cross sections of
these inlets and outlets as patches (illustrated in Fig. 1c). The
remaining boundaries are solid walls. In SALOME, this has
to be manually selected for each surface and assigned to a
group, which is later used in the configuration files of the
CFD simulation.
5) Export: Finally, the generated mesh is exported so that it
can be fed into the CFD simulator. In the case considered here,
exporting the mesh in the UNV file format is chosen as this



format is also supported by OpenFOAM and, therefore, can
be directly imported into it.

B. Simulation Setup
Having the mesh of the gradient generator, the actual

simulation can be set up. To this end, the following steps have
to be carried out:
1) Mesh Import: First, the mesh needs to be imported. Open-
FOAM can work with multiple mesh formats but internally
uses its own representation. Fortunately, OpenFOAM offers a
command-line utility that enables importing UNV-files.
2) Initial Field Values: Field and boundary values need to
be set for the first time step of the simulation, i.e., each cell
in the mesh must be assigned values for the first time step.
These values may include, e.g., the velocity of the fluids, their
hydrostatic pressures, or the α-values indicating the mixing
ratio of fluids in the cell. Additionally, boundary conditions
have to be specified for patches and walls. The configuration
is done in OpenFOAM’s own input format, consisting of so-
called dictionary files.
Example II.5. For the considered example, the following
values have to be set: For the interior, we assume uniform
fields at the initial timestep, i.e., we set all values to zero. For
the inlets, a fixed value of 10mm/s is used for the velocity
field, a zero-gradient condition is applied to the pressure field,
and fixed values for α are introduced, such that inlet1 and
inlet2 each introduce one fluid phase, with α = 0 and α = 1,
respectively. At the outlets, a zero-gradient condition is applied
to the velocity field as well as the α, while the pressure field is
set to a fixed value of zero. For the remaining channel walls,
we apply a no-slip boundary condition for the velocity field
and a zero-gradient condition for the pressure and α fields.
3) Phase Definitions: Another important matter is the spec-
ification of the physical properties of both fluid phases. For
the use case considered here, we restrict the simulation to
a laminar flow regime. For each fluid phase, we specify a
Newtonian transport model. Additionally, we have to specify
the kinematic viscosity ν and density ρ, as well as diffusivity.
4) Choice of Solvers and Simulation Control: CFD tools such
as OpenFOAM typically incorporate different and complemen-
tary methods such as the Finite Volume Method (FVM) and
the Finite Element Method (FEM) [18]. Accordingly, the user
needs to select and carefully configure them. In the example
considered here, we choose OpenFOAM’s twoLiquidMixing-
Foam as the general solver, whereas solving schemes for
several derivatives have to be configured as well. Finally, we
have to specify how the simulation is carried out. This includes
start/end time, limits for the courant number and delta time,
as well as formatting options for simulation output.

III. CHALLENGES

Following the steps reviewed in the previous section, a setup
for a simulation of a microfluidic device (in this case, the
design of a gradient generator) results. This setup can directly
be employed in simulation tools such as OpenFOAM and can
be used, e.g., to validate whether the design works as intended
and/or fulfills its purpose. However, although this procedure
is well-established and self-evident to any experienced CFD
engineer, it is hardly applied in the design automation com-
munity yet. In fact, most of the design automation solutions
proposed for microfluidics in recent years do not utilize the

power of simulation in order to validate the generated designs.
This is mainly caused by the following challenges:
1) Broad Expertise Needed: First and foremost, designers
need substantial expertise in CFD simulations. Choosing ap-
propriate solvers, as reviewed in Section II-B, is a non-trivial
task. Even small mistakes or oversights may lead to incorrect
or error-prone simulations. Moreover, experience with design
automation tools and corresponding meshing algorithms is
required in order to generate a suitable mesh for simulation. Fi-
nally, knowledge of microfluidics is essential in order to select
reasonable boundary conditions, numerical values for fluids,
etc. While that expertise is usually available to microfluidic
engineers that focus on fabricating corresponding devices, it is
often not available to the engineers developing corresponding
design automation solutions. Accordingly, further support that
guides those engineers through the respective steps is key for
closing the gap between design automation and simulation.
2) No Generic Solution: Even in a perfect setting where
design automation and CFD expertise are covered, the con-
figuration of even a single simulation case is rather time-
consuming. All the steps reviewed in Sections II-A and II-B
have to be carried out for each and every simulation case.
While common tools are built to be powerful and flexible,
engineers working in the domain of microfluidics are typically
interested in only a few distinct use cases, for which no one-
for-all approach exists. Developing the necessary expertise to
successfully operate these tools is often too time-consuming
and, therefore, not feasible.
3) Tedious Tool Access: For design and fabrication, a number
of established tools are used for parts of the process. However,
many of these software programs are commercial and thus
not easily accessible to a broad audience. Furthermore, access
to these tools is tedious, especially for intermediate steps in
the design and simulation process, since almost every piece
of software uses different input and output formats. Software
libraries that are able to read and write these formats are not
always readily available. For example, the configuration files
for OpenFOAM (cf. Section II-B) are written in a unique
format with little library support in common programming
languages.

IV. PROPOSED WORKFLOW

The reviews and discussions of the current state of the
art as done in the previous sections clearly show that design
automation engineers need support in setting up CFD simu-
lations for microfluidic devices (empowering them to validate
the results generated by their methods). In this work, we are
proposing a workflow that provides this support. The proposed
workflow combines and automates repetitive tasks as well as
provides Graphical User Interfaces (GUIs) to simplify steps
such as specifying the geometry and boundary, generating
meshes, specifying inlets and outlets, determining physical
values, etc. In this section, we describe the general ideas of the
proposed workflow as well as the resulting steps in detail—
using the gradient generator as a representative use case for
a proof-of-concept implementation. Afterwards, Section V
discusses the feasibility and benefits of the proposed solution
and the extension of the workflow for other use cases.

A. General Ideas
The goal of the presented workflow is to provide an easy

and fast way for engineers to conduct CFD simulations for



Proposed Workflow

Input: Considered Design

1. Generation of the Geometry Sketch

Drawn manually
    (using GUI)

     Generated automatically
(using design automation tools)

2. Specification of the Inlets/Outlets

3. Definition of Fluid Settings 4. Definition of Simulation Settings

CFD Simulation

Fig. 2: Proposed workflow

their designs without requiring an extensive background in
the subject. To achieve this, we introduce GUIs that guide the
user through the specification of the necessary parameters and
abstract away the actual CFD configuration by internally using
a template case.

The basic idea and major steps of the workflow are il-
lustrated in Fig. 2. The main input for the workflow is the
considered design, which is either automatically provided by
high-level design automation tools such as [6]–[15] or can
be manually drawn by the user using a GUI provided by
the proposed workflow. Based on that, the first step of the
proposed flow is the generation of the geometric sketch of the
design, i.e., the two-dimensional representation of the consid-
ered design, including the geometric shape and boundaries in
terms of a mesh. Then, the user needs to specify the inlets and
outlets of the microfluidic device, determining properties such
as the introduced fluid phases and inlet velocities. Afterwards,
the user is asked to define the fluid phases, i.e., their physical
properties. Finally, the general simulation settings need to be
defined, e.g., the runtime of the simulation. The final output
is a fully configured simulation case that can be run with
OpenFOAM.

In the following, a more detailed description of the steps of
the proposed workflow is provided.

B. Geometry Sketch
The first task is the specification of the geometric shape

of the microfluidic device. A (two-dimensional) sketch of
the geometric shape may be generated by high-level design
automation, e.g., solutions such as the tools described in
[6]–[15]. Therefore, it is easy to incorporate external design
automation tools into the proposed workflow. On the other

inlets

outlets

Fig. 3: Sketch of the gradient generator device

hand, the presented GUI includes an interface that allows
for simply drawing the device using a pointer or specifying
the coordinates of the points. Hence, the two-dimensional
representation of the gradient generator can also be drawn
manually. An example of that is depicted in Fig. 3.

The actual generation of the mesh is taken off the user’s re-
sponsibility by using the external meshing library Tetgen [33].
To this end, the two-dimensional sketch can be automatically
converted to Tetgen’s input format (a three-dimensional piece-
wise linear complex). Since the considered microfluidic de-
vices have upright walls (e.g., channels with rectangular cross-
sections), it is sufficient to simply extrude the two-dimensional
design along the third dimension. No additional configura-
tion has to be done by the user, except for specifying a
mesh quality parameter (a maximum for mesh cell volumes,
cf. Section IV-E). The output is a three-dimensional tetrahedral
mesh that is automatically converted to the OpenFOAM mesh
format.

C. Inlet/Outlet Settings

In the next step, the parts of the device that implement inlets
and outlets are defined. In the geometry sketch, the device’s
inlets and outlets can be specified by simply clicking on the
appropriate boundary edges. To this end, a GUI/context menu
as shown in Fig. 4 is provided, which enables the user to edit
the properties of each edge (depicted in Fig. 4). Here, the
user may choose between a regular channel wall, an inlet, or
an outlet. While outlets require no further configuration, each
inlet introduces a fluid phase at a certain velocity (in µm/s),
which can be specified in the same context menu. Additionally,
the two fluid phases that are introduced at each inlet can be
specified. There is no need for further configuration; the choice
of boundary conditions is done automatically and, therefore,
this step is substantially simplified for the user.

D. Fluid Settings

The proposed workflow covers the configuration of the fluid
and mixing settings as the next step. To this end, a Fluid
Settings form is provided (depicted in Fig. 5), which makes it
possible to directly fill in the values of the physical parameters.
The following parameters need to be specified by the user:

• Diffusivity: the diffusion coefficient in m2/s
• Initial field: which one of the two fluid phases initially

fills the device



Fig. 4: Inlet/outlet settings

Fig. 5: Fluid settings Fig. 6: Simulation set-
tings

Additionally, the physical properties of both fluid phases
are specified. Each phase is characterized by two physical
parameters:

• Kinematic viscosity in m2/s
• Density in kg/m3

E. Simulation Settings
Some settings are common to all simulations, e.g., determin-

ing the runtime of the simulation. To this end, the Simulation
Settings dialogue form (illustrated in Fig. 6) supports the
user in setting these parameters. More precisely, the following
parameters are mandatory in order for the simulation to be
run:

• Device height: the height of the device in the third
dimension

• Simulation time: for how many seconds the simulation is
running

• Mesh cell max volume: the maximum allowed volume of
each cell in the mesh, as a means of mesh quality control

These general settings conclude the configuration of the
simulation case for the gradient generator.

After all configurations are done, the ready-to-run simula-
tion case can be generated by the simple click of a button. The
simulation itself is then performed with a local installation of
the OpenFOAM software.

V. RESULTS AND DISCUSSION

Using the workflow described in the previous section makes
it easy to swiftly generate the simulation case for the consid-
ered microfluidic device. By providing a template case and
intuitive GUIs for the important parameters, we remove the

Fig. 7: Simulation result

need for expertise in CFD in general as well as experience with
specific software such as OpenFOAM. Therefore, the proposed
workflow is able to substantially reduce the effort needed for
setting up CFD simulations and make them more accessible
to the end-user.

For the considered use case (i.e., the simulation of the design
of a gradient generator), the result of the correspondingly set
up simulation is shown in Fig. 7. The complete simulation,
with all timesteps included, could be used to determine the
mixing ratios at the outlets and, thus, allows validation of
whether the design indeed works as intended and/or satisfies
its purpose.

Overall, the introduced proof of concept provides the fol-
lowing benefits compared to the current setup procedure for
CFD simulations:

• The cumbersome CFD configuration is abstracted away
by using a template case and requiring the user to only
supply values that are relevant to the specific simulation
case—not only simplifying the process but also reducing
the probability of a faulty configuration.

• The time and effort needed to set up a CFD simulation
are substantially reduced and, therefore, it becomes more
feasible to conduct such simulations.

• The used software, especially OpenFOAM, is
non-commercial and, therefore, accessible to a large
audience.

Moreover, although the proposed workflow has been explic-
itly developed towards gradient generators (as a representative
use case to provide a proof of concept), it can be easily
extended to other use cases. In fact, the steps covering the
mesh generation are rather general and can be equivalently
used for numerous other use cases as well. Only the simulation
case setup may require a (slight) adjustment. For this, however,
just a revision of the used template (which is tailored to a
specific use case) as well as some of the forms in the GUI
need to be adapted.

For example, in order to illustrate the adjustments needed
to support another use case, let’s consider the design of
a droplet-based microfluidic device such as that considered
in [25]. Here, the goal of CFD simulation is to study the
behavior and movement of droplets in microfluidic channels.
While, as said, the definition of the geometric shape and, thus,
the meshing, work in the same way as for the gradient gener-
ator (and numerous other microfludic devices for that matter),
the simulation setup requires the following adjustments:

1) Immiscibility: Since the droplet phase and continuous
phase do not mix in this case, a different solver has to be
configured, and diffusion coefficients become obsolete.



2) Droplet injection: The droplets may be generated inside
the devices (e.g., with a T-junction of both phases) during
the simulation. Another possibility is inserting single
droplets at specific locations in advance, which would
require a modification of the GUI as well as an imple-
mentation that modifies the initial field. An application
for the latter is the simulation of passive droplet switching
concepts.

Both adjustments are rather straightforward and showcase that
the proposed workflow has the potential to improve the setup
of CFD simulations for a large number of microfluidic devices
and use cases.

VI. CONCLUSION

In this work, we presented a workflow for an easy and
straightforward setup of CFD simulation cases for microfluidic
devices. The introduced workflow provides an intuitive GUI
and restricts the necessary configuration parameters to the
bare minimum, both of which make it substantially easier
to setup CFD simulations. Through this, we have particu-
larly reduced the effort to validate whether a given design
(generated manually or by design automation methods) works
as intended and/or satisfies its purpose. We demonstrated the
feasibility of the proposed workflow using gradient generators
as a proof of concept use case, but also discussed how easily
the approach can be adjusted to support further microfluidic
devices. We strongly believe that the workflow proposed in this
work encourages the design automation community to validate
the methods developed by them and, therefore, use the full
potential of CFD simulations in microfluidic applications.
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J. Valdivia-Silva, and D. van Noort, “Systematic review: Microfluidics
and plasmodium,” Micromachines, vol. 12, no. 10, p. 1245, 2021.

[20] M. M. Bhatti, M. Marin, A. Zeeshan, and S. I. Abdelsalam, “Recent
trends in computational fluid dynamics,” Frontiers in Physics, vol. 8, p.
593111, 2020.

[21] M. M. A. Bhutta, N. Hayat, M. H. Bashir, A. R. Khan, K. N. Ahmad,
and S. Khan, “CFD applications in various heat exchangers design: A
review,” Applied Thermal Engineering, vol. 32, pp. 1–12, 2012.

[22] K. Verma, L. Ayuso, and R. Wille, “Parallel simulation of electrophoretic
deposition for industrial automotive applications,” in 2018 International
Conference on High Performance Computing & Simulation (HPCS).
IEEE, 2018, pp. 468–475.

[23] M. Takken and R. Wille, “Simulation of Pressure-Driven and Channel-
Based Microfluidics on Different Abstract Levels: A Case Study,” MDPI
Sensors, 2022.

[24] X. Chao, F. Xu, C. Yao, T. Liu, and G. Chen, “CFD simulation of
internal flow and mixing within droplets in a t-junction microchannel,”
Industrial & Engineering Chemistry Research, vol. 60, no. 16, pp. 6038–
6047, 2021.
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